Stem cell factor (SCF) binds to and activates the KIT receptor, a class III receptor tyrosine kinase (RTK), to stimulate diverse processes including melanogenesis, gametogenesis and hematopoeisis. Dysregulation of KIT activation is associated with many cancers. We report a 2.5 Å crystal structure of the functional core of SCF bound to the extracellular ligand-binding domains of KIT. The structure reveals a 'wrapping' SCF-recognition mode by KIT, in which KIT adopts a bent conformation to facilitate each of its first three immunoglobulin (Ig)-like domains to interact with SCF. Three surface epitopes on SCF, an extended loop, the B and C helices, and the N-terminal segment, contact distinct KIT domains, with two of the epitopes undergoing large conformational changes upon receptor binding. The SCF/KIT complex reveals a unique RTK dimerization assembly, and a novel recognition mode between four-helix bundle cytokines and Ig-family receptors. It serves as a framework for understanding the activation mechanisms of class III RTKs.
Introduction
Stem cell factor (SCF) binds to the extracellular domains of the KIT receptor tyrosine kinase (RTK) and plays a key role in diverse biological processes. KIT, the product of c-kit gene, was first identified as the cellular homologue of the transforming gene of Hardy-Zuckerman 4-feline sarcoma virus (Besmer et al, 1986; Yarden et al, 1987) . Subsequently, KIT was mapped to the mouse White Spotting locus, followed by the identification of its ligand SCF (KitL) and the demonstration that it is allelic with the murine steel locus (for a review, see Besmer, 1991) . These pioneer studies have brought to light the pleiotropic functions of the SCF/KIT system in melanogenesis, gametogenesis and hematopoiesis (Lennartsson et al, 2005) . Recent findings of SCF and KIT's role in brain angiogenesis suggest additional function for this widely implicated system (Sun et al, 2006) . Dysregulation of SCF-KIT signaling and gain-of-function KIT mutations contribute to the genesis of many cancers, with acute myeloid leukemia, gastrointestinal stromal tumors and mastocytosis being the most prevalent types (Lennartsson et al, 2005) .
KIT is a member of the class III subfamily of RTKs that includes KIT (SCFR), FMS (MCSFR or CSF-1R), FLT3, and PDGFR-a and -b. This class of RTKs are also called PDGFR family and are key receptors in the regulation of hematopoiesis and embryonic development (Reilly, 2003; Tallquist and Kazlauskas, 2004) . They are characterized by an extracellular fragment consisting of five immunoglobulin (Ig)-like domains, a single transmembrane domain, two intracellular tyrosine kinase domains divided by a kinase insert domain and a C-terminal domain. Among class III RTKs, KIT and FLT3 mediate most of the early hematopoietic signaling (Fichelson, 1998) ; modulating their activities has the potential to facilitate the regeneration, isolation and expansion of stem cells in clinical applications. In addition to their physiological roles, most class III RTKs are involved in the genesis and development of cancers, and are widely pursued targets in the development of anti-cancer drugs and therapies (Krause and Van Etten, 2005) .
The ligands for class III RTKs are two groups of topologically unrelated growth factors. The first group, including SCF, the ligand for KIT, macrophage-colony stimulating factor (MCSF), the ligand for FMS, and FLT3L, the ligand for FLT3, are four-helix bundle type cytokines (Sprang and Bazan, 1993) . They are non-covalently or covalently linked dimers existing naturally as membrane-anchored and soluble isoforms as a result of alternative RNA splicing and proteolytic processing. Their N-terminal global domains have been identified as a functional core, which includes the dimerization interface and portions that bind and activate receptors (Langley et al, 1994) . The other group of class III RTK ligands, PDGF-AA, -AB, -BB, -CC and -DD, are VEGF-like cysteineknot type growth factors. Class III RTKs therefore represent a rare receptor family that use the same scaffold to receive ligands in fundamentally different folds, prompting a fascinating structural question to be answered.
The pivotal roles of class III RTKs in hematopoiesis and tumorigenesis have led to extensive functional and biochemical investigations, but it has not been structurally understood how these receptors recognize ligands and become activated. Despite a handful of ligand structures (Oefner et al, 1992; Pandit et al, 1992; Jiang et al, 2000; Savvides et al, 2000; Zhang et al, 2000) and mutagenesis mapping studies on ligands (Taylor et al, 1994; Matous et al, 1996; Graddis et al, 1998; Hsu et al, 1998) , a structure of ligandreceptor complex has been elusive for this important receptor family. Here, we present the first crystal structure of a class III RTK ligand-receptor complex, the core domain of SCF bound to the extracellular ligand-binding domains of KIT. The structure shows a unique RTK/ligand assembly, in which SCF dimer is 'wrapped' by KIT domains to allow engagement of two receptors, providing a framework for understanding ligand-receptor interactions and activation mechanisms of class III RTKs. It also reveals a new recognition mode between four-helix bundle cytokines and Ig-family receptors.
Results
Overall structure of SCF/KIT complex Crystals of SCF/KIT complex were prepared using refolded mouse SCF from Escherichia coli and soluble, baculovirusexpressed mouse KIT extracellular domains 1-3. Initial trials using fully glycosylated, heterogeneous KIT yielded poorly diffracting crystals. To improve crystal quality, we reduced KIT glycosylation by mutagenesis (N146Q). This material behaved identically to the fully glycosylated proteins and yielded crystals that diffracted to 2.5 Å resolution. The SCF/ KIT structure was solved by single isomorphous replacement with anomalous scattering from an iodide derivative of the binary complex (Table I) .
The overall structure of the 2:2 SCF/KIT complex roughly resembles an 'H' letter with its top pushed down ( Figure 1A and B). The lower parts of KIT stand vertical to the long axis of a flat-lying SCF dimer, and the N-terminal parts of KIT are bent back like horns. The orientation of the complex in Figure 1 places the SCF dimer parallel to the cell surface and the KIT C-termini proximal to the membrane. The SCF structure is similar to the free human SCF structures (Jiang et al, 2000; Zhang et al, 2000) , with a core of four a-helices (A, B, C and D) and two b-strands (one between helices A and B and one between helices C and D). The head-to-head dimerization mode of SCF is unchanged from free human SCF structures. Two KIT are tethered together entirely through SCF dimerization. Each KIT interacts with only one SCF, and no KIT-to-KIT interaction is observed. Each of the KIT domains, designated D1 (residues 33-114), D2 (residues 115-208) and D3 (residues 209-310), interacts with SCF through spatially adjacent, but largely separated, binding epitopes. To facilitate analysis, these epitopes are designated as sites 1, 2 and 3, respectively ( Figure 1A) . Overall, the binding of each KIT to an SCF monomer resembles a taco, with KIT wrapping around SCF in a half-closed fashion. This binding fashion differs substantially from the previous models of SCF/KIT complex (Jiang et al, 2000; Zhang et al, 2000) (Supplementary Figure S1) . Jiang et al (2000) placed KIT-D2 at approximately correct positions, and successfully predicted the charge complementarity between SCF and KIT (discussed below), but the orientation of each modeled KIT domain (D2 and D3) is different from actual. Additionally, the modeled D2-D2 distance, mimicking the VEGF/FLT1 complex, is longer than the actual distance, and the modeled D2-D3 hinge angle, mimicking VCAM, is drastically different from that seen in this structure.
Structure of KIT
The extracellular SCF-binding region of KIT, comprising three Ig-like domains, resembles the perpendicular stroke of the letter 'f' (Figure 2 ). It adopts an elongated, and surprisingly, bent conformation. Each D1-D2 or D2-D3 hinge angle is identical between different copies of KIT in the asymmetric unit, suggesting that this bent conformation is rigid rather than flexible. The D1-D2 hinge angle is abrupt (the b-strands directions of D1 and D2 are B801 relative to each other) and D1 folds back toward D2. The tight D1-D2 packing observed in KIT has also been observed among some cytokine receptors, Fc receptors and NK receptors, but has not observed in other RTKs. The D2-D3 hinge angle, in comparison, is much more linear (B1501). D1 is a non-canonical intermediate between I-set and S-set Ig domains. Its first strand is divided into A and A 0 strands and is shared by both layers of b-sheets (GFC face and BED face), characteristic of I-set configuration (Harpaz and Chothia, 1994) , but its fourth strand switches from the BED face to the GFC face (D to C 0 ), characteristic of S-type configuration (Bork et al, 1994) (Figure 2A) . Unusually, D1's short CC 0 loop and the C 0 strand protrude from the domain core; they seem to be stabilized more by D1-D2 and D1-SCF interactions than by intra-domain interactions. D2 is a distorted I-set Ig domain. Its GFC face is twisted into two 901-related b-sheets: the lower sheet (G, F and A 0 strands) faces SCF to form D2-SCF interactions, and the upper sheet (C, G 0 and F 0 strands) faces outwards ( Figure 2A ). Domain D3 is a canonical I-set Ig domain. There are three predicted N-linked glycosylation sites in KIT, all on the opposite side of SCF-binding sites. Among these sites, Asn146 in D1 is mutated to Gln, whereas Asn296 and Asn303 in D3 appear fully glycosylated and three glycan residues were modeled for each site.
The segmental rigidity of KIT is ensured by the extensive inter-domain interactions. The D2-D3 junction is reinforced by both hydrophobic stacking and hydrogen bonds, with a total area of 630 Å 2 buried in the interface. The D1-D2 interaction is even more extensive, burying a large area of the surface area (1380 Å 2 ), which may suggest that D1 and D2 are integral and inseparable. The D1-D2 junction is exquisitely designed, encompassing primarily hydrophobic interdomain interactions ( Figure 2B ). The D1-D2 interface can be divided into two areas. The first, larger area is a hydrophobic cluster, including Ile47, Ala90, Thr93 (Cg2), Tyr109, Phe111, Asp114 (Cb) from D1 and Lys117 (aliphatic part), Leu120, Thr140 (Cg2), Pro142 from D2, further consolidated by two salt bridges (Arg113-Asp141 and Glu45-Lys168). The area is entirely conserved across mammalian KIT molecules (Supplementary Figure S2) . The second, smaller area is formed between hydrophobic residues (Tyr71 and Phe72) extended from the D1 CC 0 loop and the hydrophobic patch, Leu120, Leu123, Arg136 (aliphatic part), Pro138, from D2. These residues are also either conserved or similarly hydrophobic among mammalian species (Supplementary Figure  S2) . The sequence conservation of both patches suggests that the configuration between D1 and D2, and thereby the bent-back orientation of D1, is structurally conserved. The bent-back orientation of D1, together with the anchoring of the D1 CC 0 loop to D2 through hydrophobic interaction, serves to position the D1 C 0 strand, which is involved in SCF binding (discussed below).
The D1-D2 configuration and the bent-back orientation of D1 may be a conserved feature among many Ig-containing RTKs, including other class III RTKs and closely related class V RTKs. Structure-based sequence alignment ( Figure 2C ) shows that the residues contributing to the hydrophobic interactions in the D1-D2 interface are highly conserved among helical ligand-binding class III RTKs (e.g., KIT and FMS), b-sheet ligand-binding class III RTKs (e.g., PDGFRa) and class V RTKs (e.g., FLT1). In particular, FLT1 shows the highest similarity to KIT in D1-D2 interface composition. In addition, the D1-D2 linker sequences are the same length and similar among these RTKs ( Figure 2C ). The conservation of both D1-D2 interface and D1-D2 linker suggests that many class III and class V RTKs share similar D1-D2 configuration. This configuration then dictates a bent-back D1, which can bear the potential to participate in ligand binding.
Interactions between SCF and KIT
Overall, about 2200 Å 2 of solvent-accessible surface is buried between each pair of SCF and KIT, which can be subdivided into 610 Å 2 for site 1, the D1/SCF epitope, 760 Å 2 for site 2, the D2/SCF epitope, and 830 Å 2 for site 3, the D3/SCF epitope. Consistent with early thermodynamic data showing that SCF/ KIT binding is largely enthalpy-driven (Philo et al, 1996; Lemmon et al, 1997) , the SCF/KIT-binding interface buries large areas of hydrophilic surface, with abundant salt bridges and hydrogen bonds. Only 12% (268 Å 2 ) of the buried surface is hydrophobic. As predicted by Jiang et al (2000) , charge complementarity appears to be an important feature of SCF/ KIT recognition: KIT is positively charged at site 2 and slightly positively charged at site 3, whereas SCF is rich in negative charge at both these sites to meet KIT ( Figure 3E ). An exception is site 1, where the charge usage of receptor and ligand is reversed, that is, SCF uses positive charge and KIT uses negative charge ( Figure 3E ).
The small site 1 interface consists of the C 0 strand (residues 73-77) from KIT-D1 and an extended loop (residues 95-104) from SCF ( Figure 3A) . It encompasses two salt bridges, three hydrogen bonds and a number of van der Waals interactions (Table II) . The site 2 interface is formed by the lower part of the KIT-D2 bottom b-sheet, including the A 0 , F and G strands (residues 124-126, 181-182 and 200-206) , crossing vertically above the B and C helices of SCF (residues 50-61 and 77-88) ( Figure 3B ). This interface can be divided into two side-by- side, chemically distinct patches, one hydrophobic and the other hydrophilic. The first, hydrophobic patch is formed between SCF and the A 0 strand of KIT-D2, in which KIT inserts Pro124 and Phe126 into the cavity formed by SCF Ile50, Leu54, Val87 and Leu88 (Table II, Figure 3D ). The second, hydrophilic patch is formed between SCF and the G and F strands of KIT-D2. This patch consists entirely of hydrophilic residues and is rich in charges (Table II) . The charge complementarity at this patch is also clearly reflected in Figure 3E . The site 3 interface is formed between SCF N-terminal segment and the BC loop (residues 263-274) plus the DE loop (residues 239-243) of KIT-D3 ( Figure 3C ). Compared to sites 1 and 2, this interface has the largest buried area (830 Å 2 ) and the largest number of SCF/KIT contacts (Table II) .
The SCF/KIT structure can now be used to rationalize previous biochemical and functional data mapping SCF/KIT interaction. Mutagenesis and antibody mapping data on SCF implicate the first few N-terminal residues before Cys4 (Langley et al, 1994) , the regions flanked by residues 61-65 and 91-95 or the region of residues 79-97 (Matous et al, 1996) , being important for KIT binding. These regions, to some extent, differ from the SCF/KIT interfaces in the complex. Overall, these studies emphasize the end, or dimerization interface-distal, region of SCF being critical in KIT binding. In comparison, the SCF/KIT structure shows that the receptor-binding surface is located in the middle of SCF helices, and slightly closer to the dimerization interface than to the end. In another study, a quadruple mutant of SCF (R121N, D124N, K127D, D128K) is deficient in KIT binding (Matous et al, 1996) . These residues, part of the D helix, are on the opposite side to the KIT-binding surface. This deficiency is likely due to indirect structural effect: Arg121 forms salt bridge with Asp37 and its long aliphatic region protects Met36 and Trp44 from the core; mutation of this residue may be structurally disruptive.
Human SCF/KIT complex should have the same overall configuration between SCF and KIT as in mouse SCF/KIT complex in this study, given the high sequence similarity between species for both SCF and KIT ( Figure 3F and Supplementary Figure S2) . Although most SCF/KIT interactions are likely conserved, there is a notable difference between mouse and human complexes. In site 2, the hydrophobic interactions at the patch between mouse SCF (Ile50, Leu54, Val87 and Leu88) and mouse KIT (Pro124 and Phe126) are significantly altered in the human complex (Asp54 and Glu88 in human SCF, Ser 123 and Tyr125 in human KIT) ( Figure 3F ). This difference likely explains the species specificity in SCF/KIT binding. Human SCF does not detectably recognize murine KIT, but murine SCF can activate human KIT, albeit at a reduced affinity (Lev et al, 1992) . This may be because Pro124 and Phe126 of mouse KIT are highly hydrophobic and require the corresponding SCF residues to be also hydrophobic. By comparison, Ser123 and Tyr125 in human KIT are less hydrophobic and can be more promiscuous at this site.
Glycosylation of SCF has been shown to affect its activity (Lu et al, 1992) . Three of the four potential N-linked glycosylation sites, Asn65, Asn93 and Asn120, are occupied in the CHO-cell-derived human SCF. Asn120 glycosylation does not affect receptor binding. In the SCF/KIT complex, it is located on helix D of SCF, the back of the SCF/KIT interface. By comparison, the Asn65 and Asn93 sites, which reduce SCF's biological activity by 10-fold, are much closer to the SCF/KIT interface. The Asn93 site, being immediately before the flexible loop that binds KIT-D1, may interfere with re-ordering of this loop upon receptor binding (discussed below). The side chain of SCF Asn65 is adjacent to site 3 and points to KIT-D3, suggesting that the glycan on this site could hinder the incoming KIT-D3.
KIT-induced SCF conformational change
The mouse SCF structure in the complex is generally similar to the free human SCF structures reported previously (Jiang et al, 2000; Zhang et al, 2000) , but differences exist in several surface segments. To facilitate comparison, we also crystallized free mouse SCF and solved its structure at 2.2 Å resolution (Table I ). The free mouse SCF has a significant amount of surface regions disordered or poorly ordered, including the N-terminal polypeptide chain (up to residue 11), the 92-104 loop and the 129-136 loop ( Figure 4A ). The flexibility of these regions was also observed in free human SCF (Jiang Zhang et al, 2000) . In the SCF/KIT complex, however, this segmental flexibility is changed. One significant change is associated with the N-terminal segment. In the SCF/KIT complex, all four individual mouse SCF subunits have good electron densities at the N-terminal regions. But in free human SCF or mouse SCF, this segment is disordered in every subunit; even the disulfide bond (Cys4-Cys89) appears incapable of stabilizing its conformation. The disparity between unbound and bound states suggests that the structure of N-terminal segment in bound SCF is imposed by the receptor. Of particular importance are the hydrogen bonds between KIT main-chain atoms and SCF residues 10-11, as well as the hydrogen bond between KIT Arg274 and SCF Asn6, in orientating the exterior, hydrophilic side of the SCF N-terminal segment. Upon determination of the exterior side, SCF's Pro7, Val8 and Val12 side chains, the interior side, form hydrophobic interactions with SCF's core (Leu79, Ile82, Leu86, Phe119, Ile123 and Phe126), further stabilizing the local structure ( Figure 4C ). Another significant change is associated with the 92-104 loop of SCF. This loop is clearly visible and well defined in the SCF/KIT complex. It is, however, invisible in all but one of the four human SCF subunits (Jiang et al, 2000) . In a different crystal form of human SCF, this loop is modeled, albeit with high temperature factors (Zhang et al, 2000) . Comparison of the human SCF subunits containing visible 92-104 loops, solved independently in different crystal forms, shows that their 92-104 loops are roughly superimposable. This suggests that the 92-104 loop is only partially flexible and has a favorable conformation. As this loop in our free mouse SCF is disordered and does not support comparison, we compared one of the defined 92-104 loops in human SCF (Jiang et al, 2000) with that in our SCF/KIT complex ( Figure 4B ). The 92-104 loop appears to undergo a large conformational change upon receptor binding. In free SCF, the hydrophobic Leu98 side chain, being in the middle of this long loop, is anchored deeply to the SCF hydrophobic core ( Figure 4B ). This restraint limits the mobility of the 92-104 loop and brings it close to the end of the SCF B helix, adding numerous contacts between this loop and the SCF core structure. In bound SCF, however, the loop is deviated away from the core structure to form interactions with KIT-D1. The Ca atoms of residues 98-99 in bound SCF are 11-12 Å away from these atoms in free SCF. None of the residues 95-104 has contact with the rest of SCF; the loop is entirely stabilized by receptor-ligand interactions. Collectively, the conformational changes at both the N-terminal segment and the 92-104 loop of SCF are induced by KIT binding. The necessity of these changes for receptor binding adds another dimension to the specificity requirement in KIT activation.
Discussion
A unique RTK dimerization assembly Ligand-induced receptor dimerization is believed to be the triggering step for RTK activation (Schlessinger, 2000) . Indeed, clustering of two receptors is a common feature of all known structures of RTK/ligand complexes. However, among different RTK subfamilies, the scheme used to achieve receptor clustering is widely diverse: each subfamily appears to have its own configuration of assembling receptor/ligand complex. In general, the dimerized RTK complexes can be divided into two groups: dimeric ligand-driven and monomeric ligand-driven. The SCF/KIT complex, together with VEGF/FLT1 (Wiesmann et al, 1997) and NGF/TrkA (Wiesmann et al, 1999) , defines a group of RTK complexes that are dimerized primarily by the dimeric nature of their ligands, although receptor-to-receptor contacts can add to dimerization in some cases (Blechman et al, 1995; Barleon et al, 1997) . This group may also include Ret, Tie and Met subfamilies, for which structures of fully associated, dimerized complexes remain to be determined. The other group of RTK complexes induced by monomeric ligands are dimerized by either ligand-receptor crosslinking, for example, Ephrin/ Eph (Himanen et al, 2001) , gas6/Axl (Sasaki et al, 2006) and FGF/FGFR (Mohammadi et al, 2005) , or by ligand-induced and conformation-regulated receptor-receptor contact, for example, EGF/EGFR (Schlessinger, 2002) . A third possible assembly, in which two receptors bind to different sites on a single ligand, has not been found for RTKs, although has been reported redundantly for type I cytokine receptors (Stroud and Wells, 2004) . Within the group of dimeric ligand-driven RTK complexes ( Figure 5A ), SCF/KIT distinguishes itself from VEGF/FLT1 and NGF/TrkA by three major differences. First, SCF/KIT is the only one that uses a fourhelix bundle ligand, whereas the other two complexes use cysteine-knot b-sheet ligands. The four-helix bundle fold, in general, is used in cytokine receptor recognition that leads to JAK-STAT pathways; its usage by SCF/MCSF/FLT3L in RTK recognition is an exception. Second, the presentation of receptor-binding surface on SCF is fundamentally different from other dimeric ligands: each SCF binds a separate KIT, but VEGF and NGF both use dimerization seams to bind receptors, with each receptor binding to two ligands. SCF/KIT therefore stands for the most simplified paradigm of receptor dimerization, in which dimerization and receptor recognition are separate issues. Third, although these receptors all use Ig domains to bind ligands, their usages of Ig domains are strikingly different. KIT uses three domains to bind SCF, and the ligand-contacting regions range from an edge b-strand from D1, CFG b-sheet from D2, and BC and DE loops from D3. TrkA uses a single Ig domain to bind NGF, with primarily the membrane-proximal loops contacting NGF. FLT1-D2 uses its CFG sheet, as KIT-D2 does, but adds a CD loop to bind VEGF (Figures 2C and 5A) . Notably, the orientations of KIT-D2 and FLT1-D2 in their complexes are roughly related but clearly different: FLT1-D2 is B301 tilted, and KIT-D2 is vertical, to the cell membrane ( Figure 5A ). In addition, as judged by the distance between two ligandbinding surfaces on D2, FLT1-to-FLT1 spacing in VEGF/ FLT1 is B8 Å longer than the KIT-to-KIT distance in SCF/ KIT. Reportedly, FLT1-D3, and possibly FLT1-D1, also participates in VEGF binding (Fuh et al, 1998) ; whether this configuration is similar to that in SCF/KIT remains to be demonstrated. The significant differences of SCF/KIT, a class III RTK, from other classes of RTK complexes further demonstrates the diversity of RTK signaling assemblies, reflecting the early emergence and divergence of RTKs during metazoan evolution (Ben-Shlomo et al, 2003) .
Activation of class III RTKs
The SCF/KIT complex explains how two KIT receptors can be engaged at a specific distance, mechanistically parallel with other classes of RTKs. As a structural template, it can now lend insights into other class III RTKs. Among class III RTKs, KIT, FMS and FLT3 have ligands with the similar dimeric structures. Superimposition of SCF, MCSF and FLT3L shows root mean square (r.m.s.) deviations of 2-3 Å for their Ca atoms (Pandit et al, 1992; Jiang et al, 2000; Savvides et al, 2000; Zhang et al, 2000) . More importantly, the receptorbinding sites of these ligands have been mapped to roughly similar regions on the dimer scaffold (Taylor et al, 1994; Matous et al, 1996; Graddis et al, 1998; Hsu et al, 1998) . In accord with the ligand similarities, the ligand-binding regions on the receptors have been similarly confined to the N-terminal three domains Lev et al, 1993; Wang et al, 1993) . It is likely that the MCSF/FMS complex and the FLT3L/FLT3 complex resemble the SCF/ KIT complex in the shape of receptor/ligand assembly. However, given the wide sequence disparity both among ligands (MCSF versus SCF is only 14% identical, MCSF versus FLT3L is 12%, and SCF versus FLT3 is 8%) (Supplementary Figure S3) and among receptors (o25% identity) ( Figure 2C) , most of the specific interactions at the binding interface may not be conserved. Nevertheless, they may similarly use charge attraction (receptor being positive versus ligand being negative) as the driving force for ligandreceptor D2 interactions. Overlay of MCSF to the SCF/KIT complex reveals that MCSF may present highly enriched negative charges, a cluster of acidic residues including Asp59, Asp62, Glu63, Glu78 and Glu82, to domain D2 of its receptor FMS ( Figure 5B ). These residues are located on helices B and C and correspond well to site 2 contributing patches on SCF. Similarly, on FLT3L, Glu58, Glu73 and Glu78 are at the center of putative FLT3-D2-binding surface ( Figure 5B ). Another similarity may be the reduction of flexibility for the ligand N-terminal segments upon receptor binding. In the free ligand structures, both MCSF and FLT3L N-terminal segments, when not involved in crystal packing, have significant flexibility. These segments may become more ordered in their respective complexes by interacting with receptor D3 domains.
PDGFRa and PDGFRb, unlike KIT that binds a helical ligand, have cysteine-knot growth factor-type ligands, which are related with VEGF but not SCF. Assuming that PDGFR-D2 takes FLT1-D2's position as in VEGF/FLT1-D2 complex (Wiesmann et al, 1997) , the PDGF/PDGFR complexes would have two PDGF-binding sites on receptor D2 domains B51 Å away. In comparison, the distance between two SCF-binding sites on KIT-D2 in the SCF/KIT complex is only 43 Å . Given the close, sometimes functionally interchangeable, relationship among class III RTKs, it is likely that their transmembrane segments in signaling complexes are tethered at a similar distance. Therefore, the distance disparity between four-helical bundle ligand-bound complexes and cysteine-knot ligand-bound complexes at D2 level needs to be compensated at membrane-proximal D3-D5 levels. Interestingly, D2 in VEGF/FLT1, and deducibly in PDGF/PDGFR, is tilted, with closer distance between membrane-proximal ends than between membrane-distal ends. In comparison, D2 in SCF/KIT is vertical. Consequently, the PDGFR D3 domains could be drawn closer, back to a distance as seen in SCF/KIT (illustrated in Figure 5C ).
Our SCF/KIT complex includes only the first three domains of KIT, and the role of D4 and D5 domains in receptor activation remains to be addressed. It has been suggested for both class III and class V RTKs that D4, by forming D4-D4 interaction, plays a role in receptor dimerization (Blechman et al, 1995; Barleon et al, 1997) , but this suggestion has been questioned (Philo et al, 1996; Lemmon et al, 1997) . In our SCF/KIT complex, the D3 domains point to the opposite directions. The distance between two C-termini of KIT-D3 (Ca atoms of residues 280) is 60 Å , about 1.5 times the length of a typical Ig domain. The opposite direction and wide distance between KIT-D3 C-termini do not favor D4-D4 interaction, but cannot rule out the possibility of a highly bent D3-D4 hinge that allows two D4 domains to reach each other. A definitive answer about D4-D4 interaction still awaits a structure encompassing entire KIT extracellular region.
A new recognition mode between four-helix bundle cytokines and Ig-like domain-containing receptors
Most helical cytokines are recognized by JAK-STAT-activating receptors, instead of RTKs, to regulate various cellular functions. The helical cytokines can be divided into long chain, short chain and interferon like (Sprang and Bazan, 1993) . Both long-chain and short-chain helical cytokines have a four-helix bundle fold with up-up-down-down topology, and activate the family of class I hematopoietic cytokine receptors. Several of these cytokine/receptor complexes, including both long chain (e.g., hGH/hGHR, EPO/EPOR, GCSF/ GCSFR, IL-6/gp130/IL-6Ra) and short chain (e.g., IL-4/IL4Ra, IL-2/Ra/Rb/gc), have been solved (reviewed in Stroud and Wells, 2004; Wang et al, 2005) . Notably, all these complexes follow the cytokine-recognition paradigm established by hGH/hGHR (de Vos et al, 1992) . In this paradigm, a conserved cytokine-binding homology region (CHR), consist-ing of two Ig-like fibronectin-III domains, recognizes distinct sites (sites 1 and 2) on the four-helix bundle cytokines (Bazan, 1990; Sprang and Bazan, 1993) . These sites can be used to recruit the same or different receptors, one site can be unoccupied and an additional site can be used, resulting in variation of receptor activation schemes (Stroud and Wells, 2004) . Nevertheless, the recognition mode at these sites, especially site 1, is rigorously kept. Being also a four-helix bundle cytokine/Ig-family receptor complex, SCF/KIT is proximal to the site 1 interactions, but not to site 2, of other cytokine complexes ( Figure 6 ). But even at site 1, the SCF/KIT recognition has little similarity to these classical cytokine receptor complexes. First, the ligands use largely different regions to bind their receptors. SCF uses the N-terminal segment, helices B and C, and a flapping loop to bind KIT ( Figure 6A ). Other four-helical bundle cytokines, whether long chain (e.g., hGH complex) or short chain (e.g., IL-2 complex), use helices A and C to bind receptor at site 1 ( Figure 6B and C) . Second, the receptors use different regions to bind their ligands. The KIT-D1 contribution in ligand recognition is unseen in other cytokine complexes; KIT-D2, corresponding to the D1 domains of hGHR and IL-2Rb, uses strands from a b-sheet to form face-to-face interactions with SCF, whereas hGHR-D1 uses AB and EF loops, and IL-2Rb-D1 domains use CD and EF loops to contact their ligands; KIT-D3, oriented similarly to hGHR and IL-2Rb D2 domains, is much higher up relative to ligand and uses mainly DE loop to contact SCF, whereas hGHR and IL-2Rb D2 domains use BC and FG loops to contact hGH and IL2 (Figure 6 ). Noticeably, in all short-chain and long-chain cytokine complexes, receptors at site 1 show an B901 bending between two Ig-like, fibronectin-III domains, to allow the outside of the elbow to contact ligands. This configuration, repeatedly observed for the CHR module, is not observed in KIT, whose D2 and D3 Ig domains are, in contrast, linearly related. Third, the chemistry of SCF/KIT binding is unique when compared to other cytokine complexes. None of the classical cytokine complexes presents spatially discontinuous and mostly chargedriven interface at site 1 as in SCF/KIT; their binding sites are continuous, often presenting a small group of dominating hydrophobic side chains at the center of site 1 as the 'hotspot' (Stroud and Wells, 2004) . The major differences between SCF/KIT and these complexes indicate that SCF/KIT, as an RTK complex, has evolved a new recognition mode from classical hematopoietic cytokine/receptor recognition, despite their structural kinships on both ligand and receptor sides.
Materials and methods

Cloning and expression
Recombinant mouse SCF was produced in E. coli. The coding sequence for residues 1-141 plus C-terminal 6-His-tag was subcloned into pGEX4T1, and the construct was transformed into Rosetta-gami2 cells (EMD Biosciences). Overnight culture was scaled to 4 l and induced with 1 mM IPTG at 371C. Inclusion bodies were refolded in direct dilution following the protocol for human SCF (Zhang et al, 2000) . Refolded GST-fusion protein was captured with GST-affinity resin, cleaved with thrombin and further purified with size-exclusion chromatography.
Recombinant mouse KIT extracellular domains were produced using the baculovirus system in insect cells. The coding sequence for mouse KIT residues 24-314 plus C-terminal 7-His-tag was subcloned into the pAcGp67A (Pharmingen). Recombinant baculovirus was produced and amplified using sf9 cells in serumcontaining media. For large-scale expression of the protein, Tn5 cells (6 l) were grown to a density of 1.8 Â10 6 cells/ml in HyQ SFX media (HyClone) in shaking Fernbach flasks and were infected with recombinant virus at an MOI of 10. Cultures were allowed to progress for 66 h before the cells were pelleted by centrifugation. The supernatant was concentrated and exchanged into HBS (Hepes buffered saline, 10 mM Hepes pH 7.2, 150 mM NaCl). The protein was captured by Ni-NTA resin and eluted with 300 mM imidazole pH 7.5. The C-terminal His-tags of proteins were removed with bovine carboxypeptidase-A. The proteins were further purified with size-exclusion chromatography.
Deglycosylation mutants
Mutagenesis was carried out using overlap extension PCR. Seven KIT glycosylation mutants, N146Q, N296Q, N303Q, N146Q-N296Q, N146Q-N303Q, N296Q-N303Q, and N146Q-N296Q-N303Q, were prepared. The mutant N146Q was expressed at half the expression level of wild-type KIT, and showed a significant reduction of apparent size as observed in SDS-PAGE. Other mutants were expressed at substantially lower level and aggregated in gel filtration analysis.
Crystallization, data collection and processing
To prepare SCF/KIT complex for crystallization, excess SCF was mixed with wild-type KIT or KIT N146Q mutant and the mixtures were re-purified with size exclusion chromatography. Stoichiometric SCF/KIT complex was concentrated to 10 mg/ml in HBS. The crystals were obtained through vapor diffusion in sitting drops containing equal volumes of protein and the well solution containing 15% PEG1000, 0.2 M NaCl, buffered with 0.1 M MES, pH 6.0. The free mouse SCF was crystallized using similar vapor-diffusion procedures, and the well solution contained 1.8 M ammonium (Otwinowski and Minor, 1997) . To prepare a heavy atom derivative for the complex, crystals were quick-soaked with a cryo-solution containing 0.2 M NaI before being flash-cooled for X-ray diffraction. Statistics of data collection are summarized in Table I .
Phase determination, model building and refinement
The structure of free mouse SCF was determined using molecular replacement in CNS (Brunger et al, 1998) , with human SCF (PDB ID 1SCF) as a search model (Jiang et al, 2000) . The SCF/KIT complex was phased with an NaI derivative using programs CNS (Brunger et al, 1998) and SOLVE (Terwilliger and Berendzen, 1999) . The phases were improved with density modification and four-fold non-crystallographic symmetry averaging in CNS. The models were traced and built with the program O (Jones et al, 1991) . The structures were refined using CNS maximum-likelihood simulated annealing with torsion angle dynamics protocol, and repeated iterations between manual rebuilding and minimization. Water molecules were automatically included with CNS and manually edited with electron density maps. A summary of the refinement statistics and the stereochemistry analysis is given in Table I .
Graphics
The figures were produced with the programs MOLSCRIPT (Kraulis, 1991) , VMD (Humphrey et al, 1996) and GRASP (Nicholls et al, 1991) .
Accession codes
Coordinates and structural factors for SCF/KIT complex and free mouse SCF have been deposited in the Protein Data Bank, with accession codes 2O26 and 2O27, respectively.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
